Abstract-This paper presents a new type of haptic device using spherical geometry. The basic idea of haptic devices is to provide users with feedback information on the motion and/or force that he or she generates. Haptic devices have several potential applications, such as for example, fine compliant assembly, VR environment simulation and high precision teleoperation, especially in hazardous or hostile areas. The particular architecture of spherical haptic device developed here will be presented and its advantages will be highlighted. Then, its basic kinematic properties, which shall be used for control and geometric optimization purposes, will be reviewed. The design optimization itself will then highlight some important features of the mechanism. The control scheme and real-time force feedback issues will then be presented. Finally, the results obtained with the prototype will be discussed.
I. Introduction
H APTIC devices are useful for tasks where visual information is not sufficient and may induce unacceptable manipulation errors, for example surgery or teleoperation in radioactive/harsh environments. The aim of haptic devices is to provide the user with feedback on the forces at the tool. Historically, the first force feedback system was developed by Goertz during the 1940's for a master-slave manipulator aimed at handling radioactive substances. Recent haptic devices are becoming more and more sophisticated and include several innovative features. An interesting design using a hemispherical device controlled by magnetic fields has been proposed by Berkelman and Hollis [5] . Although this device has 6 degrees of freedom (DOF), its workspace is rather limited (15) (16) (17) (18) (19) (20) degrees in rotation, 25mm in translation) and the control of magnetic levitation is far from easy and also not very common. There also exist haptic devices using parallel mechanisms. Parallel mechanisms are known for their stiffness and precision, and are therefore especially appropriate for high-performance haptic devices. A 6-DOF haptic device using five-bar parallel mechanisms has been built by Woo et al. [40] . A Parallel Gough-Stewart platform with pneumatic actuators can also be used [34] , such a mechanism being commercially available. A Delta manipulator based mechanism has also been used by Conti et al. [11] . Another design based on a 6-DOF parallel mechanism, the Research Spatial Joystick, has been proposed by Podhorodeski and Notash [28] . A planar 3 − RRR architecture has also been designed by Millman and Colgate [26] and was specifically dedicated to micro-manipulation. Tsumaki et al. [37] used a very orig-
The authors are with the Department of Mechanical Engineering, Laval University, Québec, Qc, G1K 7P4, Canada, Tel: (418) 656-3474, Fax: (418) 656-7415, email: gosselin@gmc.ulaval.ca, web site: wwwgmc.robot.ulaval.ca/recherche/theme03 a.html inal design consisting of a rotating stick fixed on a 2-DOF spherical manipulator being itself attached to a modified delta manipulator thereby providing 6-DOF. However, few people have taken advantage of spherical mechanisms. Reboulet and Leguay [30] have used plain spherical geometry to design a haptic device. They used actuation redundancy in order to eliminate singularities and to obtain an almost uniform dexterity throughout the workspace. Adelstein and Rosen [2] used a 2-DOF 5R closed chain linkage to study human tremor and later extended it to a 3-DOF device [3] . Salisbury and Bejczy [7] proposed a 6-DOF hand controller including a spherical wrist. Finally, numerous other devices based on various parallel mechanisms can also be found, for surgery [9] , data manipulation [23] , multi-purposes [20] , [35] , [41] , and even cable/tendons ac-tuated mechanisms [4] , [6] , [36] . The distinctive feature of the mechanism presented in this paper called SHaDe for Spherical Haptic Device (Figs. 1 and 2) is that it has only three rotational DOF, thereby leading to a simpler design and a more ergonomic interface. Because of the spherical geometry, such a haptic device has several advantages, namely: pure rotation around a point located inside the user's hand, large workspace and precise manipulation with wrist resting. Such an architecture has been successfully used in the design of the Agile Eye in order to obtain low inertia and ultra-high accelerations [15] . This was accomplished by fixing all actuators to the base. In this work, a haptic interface that best emulates the human wrist is desired. In other words, three rotational DOF with a fixed central point and high stiffness are required. In traditional haptic devices, translational and rotational movements are coupled because of the momentum effect. Here, since a fixed central point inside the user's hand is desired, a spherical architecture is most appropriate. One can argue that the central point should then be located inside the wrist, not the hand. Indeed, this is absolutely true but we also want to allow fingertip rotation of the grip, which is much easier if we adopt the latter architecture.
II. Kinematic Analysis -Notation
The architecture of SHaDe consists of a particular design including only revolute joints with spherical geometry, that is, all joint axes, passive and active, intersect at a common point Ω which is the center of rotation of the end effector. The kinematic analysis of spherical 3-DOF parallel manipulators has been studied extensively by Gosselin et al. [14] , [15] , [16] , [17] . A notation similar to the one used in [16] will be used here. Hence, let u i i = 1, 2, 3 be a unit vector defining the revolute axis of the i th motor, each of these axes making an angle γ 1 with the others and an angle β 1 with a vertical axis. Moreover, let angle η 1i be the angle between the projection on the base plane and a given reference axis in that plane. One has:
Similarly, vector v i i = 1, 2, 3 can be defined as a unit vector along the axis of the i th revolute joint on the end effector, each of these axes making an angle γ 2 with the others and an angle β 2 with the relative vertical axis of the mobile platform. Also, let angle η 2i be the angle between the projection of v i on the mobile plane and a given reference axis in that plane. A known reference orientation v 0i is then defined as:
Moreover, vector w i i = 1, 2, 3 is defined as a unit vector associated with the passive joint between the proximal and distal links. Using a simplified notation, one has: Fig. 3 . Geometric parameters of the 3-DOF spherical mechanism (w 1 and w 2 have been hidden for legibility purpose)
where c x stands for cos x and s x for sin x. Where angle α 1 is the angle between vectors u i and w i and angle α 2 is the angle between w i and v i . These angles are equal for each leg of the mechanism. Finally, let θ i be the rotation angle of the i th motor. In order to describe the final orientation of the platform with Euler angles, three successive rotations are defined (see The Euler angle θ should not be confused with the rotation angle of the i th motor, θ i . Considering these points, the
ψ Fig. 5 . Geometry of the rotations rotation matrix Q can be expressed as a function of the latter angles, i.e.:
Matrix Q can be used to define the instantaneous orientation of the end-effector, i.e.:
A. Inverse Kinematics
The inverse kinematic problem (IKP) has been studied extensively in [14] . The solution can be obtained by solving the following equation:
where α 2 is a geometric parameter, as defined previously (also shown in Fig.3 ). Therefore, 2 solutions are obtained for each actuator and the IKP has 8 solutions globally.
B. Jacobian Matrix Evaluation
Let vector ω be the angular velocity of the platform, and letṡ be the corresponding actuated joint velocity vector. Then, the general velocity equation for spherical parallel manipulators can be expressed as:
where A and B can be written [14] as:
Hence, the angular velocity of the end-effector can be obtained as an expression of the joint velocities. However, for control purposes, the time derivatives of the Euler angles are used. Hence, a new matrix R is introduced and is defined as:
where t is the vector of the Euler angles. An expression for matrix R can be obtained by considering the following:
with Q = Q φ Q θ Q ψ the product of the three Euler rotation matrices. One finally obtains:
The velocities of the actuators can then be expressed as a function of the time derivatives of the Euler angles, i.e.,
The product (B −1 A)R will henceforth be referred to as the extended Jacobian matrix.
C. Direct Kinematics
Solving algebraically the direct kinematic problem (DKP) for a parallel mechanism can be cumbersome and even impossible. It has been shown that the characteristic polynomial of the 3-DOF spherical mechanism studied here is of degree 8 with very involved coefficients [17] . Therefore, a numerical approach based on a Gradient Descent-like algorithm [13] is used here. Based on the velocity equations (13), the following approximation can be written:
which can be recursively expressed as:
This equation is used to obtain a new Euler angle vector, i.e.,
With x c standing for x current . The terminating condition is met when the difference between two joint vectors is too small to be observed by the optical encoders, located in the motors. Note that this algorithm is very similar to the "Newton-Raphson" algorithm used to solve nonlinear equations. A good initial guess can be provided by the previous point of the trajectory. Moreover, it is assumed that for t = 0, all joint angles are equal to zero, which corresponds to a known reference configuration.
D. Joint Space to Cartesian Space TransformationStatic Equilibrium
In order to control the force at the end-effector, the relationship between the input actuator torques and the torques exerted on the user's hand must be known. It is assumed here that the velocities caused by the user are relatively small, and hence a quasi-static model is used. Equaling the input and the output virtual powers, one obtains:
with w the torque vector exerted by the end-effector and τ the joint torque vector. From the definition of the extended Jacobian matrix (13) , one can write:
since this equation should be satisified for arbitrary values ofṫ, one finally obtains:
which is the equation that provides a practical relationship between the joint and Cartesian torque vector. Note that this relationship is valid only for small velocities, i.e., inertial terms are neglected.
III. Mechanical Design

A. Introduction
Although the proposed architecture seems promising, its performances should be analyzed and the mechanism should be optimized. Indeed, it is well known that parallel mechanisms suffer from singularities and variable force mapping. Having defined the kinematic properties of a general spherical mechanism, a set of parameters must be chosen for the prototype. To this end, numerical optimization has been used in order to enhance the prototype's properties such as, for example, the dexterity and the workspace. Therefore the best set of geometric parameters can be obtained, thereby leading to an architecture with large workspace, high minimal dexterity, and/or good average dexterity. In this work, a weighted combination of all these criteria has been used. For the application developed here, the workspace must be exempt from singularities and should cover a range of at least (±90
• , ±45
• ) using the Euler angle convention defined above. The first angle has a very large range -larger than the human wrist capability -to allow fine fingertip manipulation around this axis.
B. Performance Criteria
The main performance criterion used here is the dexterity of the manipulator. The local dexterity is defined as the inverse of the condition number of the Jacobian matrix [31] , i.e.:
with:
where J is the Euclidean norm of the Jacobian matrix, i.e.:
W is a weighting matrix equal to 1 3 1, with 1, the identity matrix. Global dexterity is then evaluated by integrating the local dexterity over the workspace [19] , i.e.:
where w denotes the workspace of the manipulator. Knowing the local dexterity over the workspace, the minimal dexterity and the probability for the dexterity to be over 0.5 are also used as performance criteria. The set of parameters used as optimization variables includes angles α i
where ζ c stands for ζ central . Numerical optimization was then performed using the Agile Eye geometry [16] as an initial guess for the vector of optimization variables. Figs. 6 and 7 present the evolution of the global dexterity as a function of some of the optimization variables. The result of the optimization process is a zero central point and the set of geometric parameters presented in Table I . • It is pointed out that angles α 1 and α 2 are both equal to 90
• . It has been shown [16] that with these values, the workspace of a spherical manipulator is the entire space of orientations, limited only by mechanical interferences.
The kinematic characteristics of the mechanism associated with the optimum parameters are presented in Table  II and the local dexterity for zero torsion (φ = 0) is plotted in Fig. 8 . As it can be clearly seen, a high-performance architecture has been obtained, with excellent global conditioning, large workspace and no singularities. It should also be added that the configurations in which the dexterity is low are all located at the edge of the workspace, therefore leading to an excellent behaviour of the system near the central point. 
Properties
Values Obtained
C. Interference Issues
As mentioned above, the theoretical workspace of the prototype covers the complete space of orientations. In other words, the IKP will always have at least one real solution. However, in practice, the workspace is limited by mechanical interferences between the different links of the mechanism, each of them traveling over a surface nearly equal to a hemisphere. It is impossible, because of such a large surface, that the region covered by the motion of However, it must be ensured that different links cannot be in the same location at the same time, thereby avoiding temporal interferences. For spherical mechanisms, the best way to avoid interferences is to place each link on spheres of different diameters. However using this method will lead to a bulky mechanism. Therefore, one rather uses different diameters only for the links of each leg, so that only the corresponding links of different legs can interfere. A particular branch of solutions of the IKP, namely "− + −", has also been used to provide more space for the user's hand. More precisely, it has been shown (section II-A) that there are eight solutions to the IKP, namely two for each actuator. The solutions for the two actuators closest to the user's hand are chosen in order for the proximal links to be oriented in a direction opposite to the user, corresponding to the last part "+−" of the IKP branch. However, this leads to a particularly challenging situation from the interference point of view since two of the legs are then very close to one another. The minimal sphere diameter has been determined by measuring the volume swept by a human wrist over the objective Table III ) revealed that some vectors were extremely close for some configurations of the workspace, especially vectors w i . 
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• This problem led to the development of another design for the frontal leg consisting of a RRR-mechanism, presented in Fig. 9 , virtually making this leg vanish from the interference point of view. The mechanism obtained is kinematically equivalent to a 3-DOF spherical mechanism because such an architecture is originally overconstrained. Indeed, only one RRR leg is necessary to constrain the three rotational degrees of freedom. Therefore, changing the design of the frontal leg will not affect the total degree of freedom of the mechanism. Moreover, the resulting architecture is kinematically equivalent to the classical 3 − RRR architecture, and the rotations of the actuator of the modified frontal leg are identical to those of the initial design. The interference results obtained with the new design are shown in Table III and compared with the initial design. It can be seen that minimal values have been greatly increased, allowing one to build a working prototype. It should also be pointed out that configurations where interference indices are minimal occur only at the very edge of our workspace. Finally, a prototype was built from ABS using a Fused Deposition Modeling (FDM) rapid prototyping machine [22] in order to proceed with control experiments (Fig. 10) . The total weight of the system is 6.51kg, however, the mobile parts account for only 780g, for an overall parallelepipedic volume of approximatively 35 × 35 × 29 cm 3 .
IV. Force Control
A. Introduction
Force control has attracted the attention of researchers since the very beginning of robotics research [25] , [39] . Indeed, one of the first tasks to be performed by robots was to reproduce human arm movements, which requires force control. Recently, force control has significantly broadened the potential applications of robots by increasing their dexterity [10] , [33] . Haptic devices have been on the edge of the technology in this area by their inherent need for high-performance force feedback control schemes. However, other techniques based on the direct treatment of analog signals have been proposed [1] . Successful applications have been presented by Lin and Fu [24] for controlling a flexible manipulator dedicated to automated deburring. Kumar et al. [21] presented a steady hand, scaling down the operator's force in order to provide smooth, tremor-free movements required in assisted surgery. Seraji and Steele [32] used force control to command dexterous arms for space applications modeling nonlinear contact constraints. Finally, Yoshikawa [42] recently summarized, in a very comprehensive paper, the recent trends and breakthroughs in the field of force control, followed by its major applications. 
B. Simulation Laws
Force feedback consists in taking into account the interaction of the manipulator with its environment, in order to enhance its capabilities with fine and precise motion. In order to perform experimental tests with the prototype developed here, simulation laws have been written, allowing one to obtain the dynamic behaviour of SHaDe without risks of mechanical damage. For example, if a zero-regulation behaviour is desired, the following can be implemented:
• Joint compliance:
• Cartesian compliance:
• Cartesian "dwell":
with t = [t 1 t 2 t 3 ] T , t = t 
Axes
Range Precision x and y-axis ±20N 0.02N z-axis ±60N 0.06N Torque ±1Nm 0.0005Nm position vector, t is the vector of Euler angles and (JR), the extended Jacobian matrix as defined above. If a nonzero stable point is required, the last term of each previous equation becomes the vector difference between current and stable positions. In a real situation, these laws should reflect the torques exerted on the slave manipulator. The first simulation law, eq. (25), makes the actuators behave like springs and is only used for testing purposes. The second law, eq. (26), creates a generalized Cartesian spring behaviour. The third law, eq. (27), produces a flat torque function around the stable point, allowing the user to experience an almost torque free central space outside of which torques rapidly increase.
C. Force Sensor
As in any closed-loop controlled haptic device, the torques exerted by the user on the system must be measured. The MINI 5/10 6-axis force sensor system manufactured by Assurance Technologies, including a dedicated controller, has been integrated in the design. The characteristics of this sensor are summarized in Table IV . The sensor is located between the end-effector and the joystick (Fig. 11) . In order to measure the torques in the central point Ω, all 6-axis force components are required, because of the coordinate transformation. The sensor is said to be intelligent because of its built-in electronics included in the controller and based on a DSP, allowing one to perform several calculations directly over the data flow. For instance, software instructions can specify which force components can be omitted, thereby speeding up the data acquisition; moving average filtering can be performed; tool frames can be created, giving the exact force expression in another point than the sensor interface central point, and several other functions. 
D. Real-Time Control
The controller of SHaDe is presented schematically in Fig. 12 . Electronic power control is based on a VME-C40 motherboard. The dedicated ATI-FT 1 controller is in charge of the force sensing and data transmission to a PC workstation running under QNX via a RS-232 serial port. The servo rate used to control the actuators is 800Hz, and the maximum sample rate achieved for force sensing is around 110Hz. This rate has been enhanced by transferring computations to the ATI-CPU and a fault-tolerant RS-232 driver, allowing us to exploit the serial port at maximum speed. QNX, the well-known real-time Unix, has been used to perform the computation of the direct and inverse kinematics, simulation laws and control algorithm. Different modules, each running at different speeds, have been written and compiled using Watcom C/C++. Advantage has been taken of the POSIX-compliance of QNX for data communication. The three actuators of the mechanism are located on the base, and consist of DC motors manufactured by Magnetic Technology 2 . The actuators are capable of providing 1.62N m peak torque and a maximum velocity of 48rad/sec for a nominal power consumption of 82W . The actuators are directly coupled to optical encoders with a resolution of 2, 048 counts per revolution. Haptic sensation is very precise, humans can feel variations above 300Hz [27] , the sensivity of the human skin and more precisely the reaction of the Pacinian corpuscules looks like a Gaussian distribussion with a maximum around 250Hz [38] . However, human movements can be sampled at a much lower frequency, as low as 10Hz, for a reflex action. Thus, the torque variations are relatively slow in comparison with the actuator control sample rate required. Numerous interesting force extrapolations have been proposed [27] to simulate the evolution of the force between two samples, in order to feed the motor control algorithm with sufficient data flow, namely:
1. constant extrapolation, forces are considered to be constant; 2. extrapolation over time, forces are supposed to follow a known function of time, usually linear; 3. extrapolation over position, position is extrapolated producing corresponding forces.
In a real-time environment with slowly varying forces, the first method is the best choice. Moreover, experiments have shown that little CPU-time is available for extra calculations, the numerical inversion of the extended Jacobian matrix being already numerically intensive.
E. Control Loop
The primary control algorithm implemented here is based on a pre-computed torque plus PID feedback control, i.e., a PID scheme with feedforward and static compensation, i.e.:
where τ C is the desired torque vector sent to the motors; JR is the extended Jacobian matrix presented in eq. (13); τ static is the gravity compensation vector; K p , K i and K d are the matrices of PID coefficients; F D is the desired torque vector at the end-effector; and finally F mes is the torque vector measured by the force sensor. The haptic device needs to appear as transparent as possible to the users. The control scheme used here intends to cancel the system's weight by adding a term for static compensation, namely τ static . The latter has been empirically determined through experiments and forms, together with (JR) −T F D , a feedforward term. The last part of equation (28) is a simple PID algorithm. A more advanced approach would be to consider the dynamics of the architecture [40] , [33] . However, it is assumed here that velocities are small, therefore making this contribution negligeable. PID tuning has been performed using the practical and straightforward method presented in [29] . This method is based on the step response of the system, giving a quasi-optimal set of coefficients. The control scheme is presented in Fig. 13 .
F. Results
Several tests have been conducted using the simulation laws presented in section IV-B. For each torque trajectory, joint positions, actuator torques and measured end-effector torques have been stored and compared with theoretical results. An example of a torque trajectory and a comparison between desired and mesured torques are presented respectively in Figs. 15 and 14 . Before practical testing, all algorithms have been simulated using Matlab. The slight differences observed in Fig. 14 between measured and desired torques are due to the flexibility of the plastic links storing elastic energy and creating hysteresis effects. From the user's point of view, haptic sensation is very satisfactory and small differences of the values of the stiffness matrix (see section IV-B) are perceptible.
V. Conclusion
This paper has presented the development and hardware validation of a new haptic device based on a spherical parallel mechanism. The spherical geometry provides the mechanism with several advantages. First, general spherical kinematics has been reviewed leading to an optimal design, well-conditioned and without singularities in a large workspace. Next, the control scheme and real-time force feedback architecture with experimental results have shown the accuracy of SHaDe. Further work will include a prototype made of aluminium in order to eliminate the flexibility of the plastic links, an enhanced control algorithm, the use of a modified set of Euler angles [8] and finally, practical experiments in teleoperating the Agile Eye using SHaDe. Fig. 14 
